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Abstract 
Zinc oxide (ZnO) is a chemical compound of great interest used, for example, as 
photocatalyst in the purification of wastewater or polluted air. However, neither dissolution, 
nor photo-dissolution of ZnO is negligible: indeed, both processes reduce significantly the 
efficiency of photocatalysis and then lead to a secondary pollution by free Zn2+.  In the 
present study, the stability of ZnMgO thin films in weak alkaline solution is investigated. We 
demonstrates that the replacement of Zn2+ ion with Mg2+ ion results in the production of a 
Zn0.84Mg0.16O solid solution, whose stability is higher than that of the ZnO sample. This alloy, 
thus, constitutes an alternative to the use of ZnO in photocatalysis applications. To gain more 
insights into the higher resistance of such alloys to the dissolution process, X-Ray 
photoelectron spectroscopy measurements were performed. They highlighted the role of OH 
group adsorption in the experimentally observed enhancement of ZnMgO stability.  
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Zinc oxide (ZnO) is an n-type wide-band gap semiconductor with a high exciton 
binding energy. Because of its interesting multi-functionality, over the last few years it was 
the subject of extensive studies for applications in gas sensors, solar cells, photodetectors, 
light emitting diodes, magnetic storage and photocatalysis. In some cases, ZnO has displayed 
a greater efficiency in photocalysis than TiO2, which is generally considered as the most 
suitable photocatalyst [1]. With respect to the other photocatalytic materials, the emitting 
properties of ZnO are unique and enable one to create catalytic systems to simultaneously 
detect and destroy environmental organic contaminants [2]. However, its use in photocatalysis 
is limited by two parameters: Firtsly, as it is activated under UV irradiation because of its 
large band gap of 3.3 eV (λ≈380 nm), only about 5% of the photons received by natural light 
illumination can be used in the photocatalytic reactions. The second drawback is its instability 
in aqueous media due to photocorrosion by UV irradiation. Investigations by Spathis and 
Poulios have dealt with the corrosion of Zn and ZnO [3]: in particular, these authors observed 
a quicker formation of corrosion products under illumination. This behaviour was explained 
by the formation of an electron-hole pair produced by photoexcitation and responsible for an 
enhancement of dissolution. Recently, a more extensive study about ZnO stability [4] 
demonstrated that the greater stability displayed by ZnO near pH=9.9 was explained by the 
formation of Zn(OH)2 hydroxide, which limits Zn dissolution. At such a pH level, the low 
solubility of Zn(OH)2 protects ZnO from further reaction with OH- and dissolution.  
Different methods were, recently, initiated to suppress the photodissolution process. 
They include organic coating [5] and surface hybridisation with carbon [6]. Instead of 
protecting only the surface that can be oxidised and thus damaged, a solution would be to 
elaborate compounds with higher photocatalytic properties and better photocorrosion 
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resistance. Recently, doping of ZnO with Mg2+ proved to lead to an enhancement of 
photocatalytic efficiency [7]. Many methods have been developed so far in order to produce 
ZnMgO thin films, e.g. pulsed laser deposition [8], RF and DC sputtering [9,10] and spray 
pyrolysis [11-13]. In the present work, we use the spray pyrolysis method, a versatile low cost 
technique which enables deposition onto large areas. However, in contrast to ZnO, no 
investigation about the stability of this oxide is available in the literature. Here, focus is on the 
stability of Zn(1-x)Mg(x)O oxides in a weak alkaline solution, where ZnO displays a relatively 
low dissolution rate, and may, thus, be used as a photocatalyst. After a physico-chemical 
characterisation of the samples under study, we will show in the present work that ZnMgO is 
more stable than ZnO, and then discuss the origin of this behaviour.  
 
2. Experimental details 
2.1. Preparation  
To produce Zn(1-x)Mg(x)O, Zinc acetate dihydrate (Zn(CH3COO)2.2H2O, Alpha Aesar) 
and Magnesium acetate tetrahydrate (Mg(CH3COO)2.4H2O, Alpha Aesar) were dissolved in 
demineralised water with magnesium at different concentrations varying from 0% to 16%. For 
the enhancement of the film growth and to avoid zinc hydroxide precipitation in solution, the 
pH was adjusted to pH= 4.5 by addition of a small quantity of acetic acid [14]. The final 
solution was pulverised using compressed air at a distance of 50 cm on the 500°C-heated 
substrate (conductive tin-doped indium oxide or glass). The flow rate was 3.3 ml/min. 
2.2. Characterisation 
The sample film thickness was determined by: i) weighing the samples before and 
after deposition and ii) inductively-coupled plasma atomic emission (ICP). The glass 
substrates were weighed 5 times before and after deposition with a precision weighing 
balance, Genius series from Sartorius. The thickness of the thin film was estimated from the 
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density of the zinc oxide (d = 5.606 g/cm3). For ICP measurements, ZnO films were let to 
dissolve for 30 min in a saturated solution of glycine placed in an ultrasonic bath, and then 
analysed.  
The crystalline structure of the different films was analysed in (θ-2θ) configuration by 
X-ray diffraction (XRD) with a Brucker apparatus using the CuKα radiation. The 
compositions of the different films were determined by depth-profile X-Ray photoelectron 
spectroscopy (XPS) according to the procedure described elsewhere [15]. XPS apparatus was 
also used to measure the secondary electron energy spectra by polarising the sample by 10 V 
with respect to the analyser. The surface topography was studied by Atomic Force 
Microscopy (AFM) (Veeco, NanoScope V) in tapping mode  using commercial P doped Si tip 
(Veeco, RTESP). The optical properties in the 200–1100 nm wavelength range were analyzed 
using UV–visible spectrometry with a Jasco apparatus. The resistivity was measured by the 
four-point probe technique in the air and in a vacuum chamber at about 10-1 Pa. 
The stability of the thin films was investigated in a solution of borax at pH 8.4 to keep 
the pH at a fixed value, between 7 and 10, where dissolution is expected to be rather low. 
After immersion of the thin film in this solution, the open circuit potential (OCP) was 
measured with a leak-free saturated Ag/AgCl electrode as reference and a multi channel data 
logger (EPC8 from NKE). These measurements were made over several days under the direct 
illumination of the sun.   
 
3. Results and discussion 
3.1. Characterisation of the Zn1-xMgxO alloys 
Characterisation of the Zn1-xMgxO films for magnesium concentration, x, in the range 
0 to 16% led to thickness of 200 ± 10 nm. Figure 1 displays the transmittance measurements. 
For the direct band gap materials, the relationship between the absorption coefficient, α, and 
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the photon energy, hν, can be expressed as follows [16]: αhν = A(hν-Eg)1/2, where Eg is the 
band gap. The determination of the band gap of the Zn1-xMgxO oxide films showed a linear 
variation from 3.22 to 3.42 eV with x. This relatively weak increase with Mg concentration 
should not lead to a deterioration of the photocatalytic efficiency of ZnMgO with respect of 
ZnO.    
The XRD patterns of the films displayed an intense (002) peak at about 34.5° with 
additional small (100) and (101) features located at 31.8° and 36.3° respectively. These lines 
(not shown here) are indicative of the polycrystalline würtzite structure of the films. This 
crystallographic structure was still observed even at the 16% Mg concentration with no MgO-
associated pattern. This is in agreement with other studies that have shown the presence of 
würtzite structure up to 40% Mg concentration [17]. The higher (002) peak displayed on Fig. 
2 indicates that the preferential orientation for the film is along the c-axis. One should also 
note the Mg-doping-induced shift of this peak towards high angles: it corresponds to a lattice 
compression caused by the replacement of Zn2+ by Mg2+ with its associated decrease in the 
ion radius from 0.60 to 0.57 Å. This behaviour consistent with band gap results is 
characteristic of a solid solution and has been previously reported on ZnMgO thin films 
produced by either spray pyrolysis [12,13] or pulse laser deposition (PLD) [18]. It is worth 
noting that this shift was neither visible on XRD patterns from powders [19] nor predicted by 
recent electronic structure calculations [20].  This disagreement is likely explained by the 
number of defects within the samples and, thus, by the method in use for their preparation.  
The composition of Zn1-xMgxO for x = 0 and 0.16 was determined by XPS on using an 
AlKα source. Zn(2p), Mg(1s) and O(1s) spectra were measured and fitted by CasaXPS 
software to calculate their integral. By correcting these values by the Scofield factors and the 
inelastic mean free paths of the detected photoelectrons, the stoechiometry of the compounds 
was determined. The dopant concentrations in the solution and within the film were found to 
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be in good agreement. Figure 3 displays the O(1s) spectrum of ZnO and Zn0.84Mg0.16O. For 
ZnO, the two components contributing to the spectrum at 529.9 and 531.8 eV correspond to 
ZnO and OH groups at the surface, respectively. The latter feature was previously observed 
on PLD-produced ZnO and explained by the dissociation of adsorbed water at the surface 
[18]. Thorough investigations by Almeida et al. [21] showed that this process is governed by 
the number of defects, e.g. oxygen vacancies, within the oxide under study.  
The electrical resistivity was measured by the following equation:  
2ln
piρ tRs=      (1) 
Where ρ is the resistivity, RS is the sheet resistance and t the sample thickness. The resistivity 
values of undoped ZnO measured in the air and at 10-1 Pa were 820 and 4 Ωcm, respectively. 
Such a vacuum dependence of the resistivity can be explained by the capture of the electrical 
charges at the surface by hydroxyl groups as explained in Ref. [22]. It, thus, confirms the 
importance of water adsorption in this study. The comparison of the resistivity values of ZnO 
and of Zn0.84Mg0.16O samples measured in air showed an increase from 820 to 9.105 Ωcm. For 
intermediate Mg doping ratios (x=0, 0.02, 0.04, 0.08, 0.16), one observes a continuous 
increase of the resistivity with the x doping. This increase is in agreement with Yoshino et al. 
[12] and is consistent with the stronger contribution of the OH peak observed in our XPS 
measurements for Zn0.84Mg0.16O with respect to ZnO. One should note that, in Ref. [18], the 
significant contribution of the OH peak in XPS spectrum was explained by the porous 
character of the PLD-produced ZnO. In the present study, as shown in figure 4 by AFM 
measurements, the strong water adsorption can be explained by the microstructure of the 
surface composed of numerous grains of about 60 nm: OH adsorption is, thus, promoted by 
the large surface/bulk ratio. Both surfaces display similar roughness and microstructure 
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leading to the hypothesis that the chemical nature of the thin films plays also an important 
role in the OH adsorption. 
 
3.2. Stability of the Mg-based solid solution  
The recent use of open-circuit potential (OCP) measurement as an indicator of the 
damage of photoactive materials in aqueous solutions [23] drove us to make such 
measurements of ZnO and Zn0.84Mg0.16O in a borax solution at pH = 8.4 and under natural 
night/day cycles. The results presented in Fig. 5(a) are about samples exposed to cyclic 
illuminations, and those in Fig. 5(b) deal with samples placed under dark conditions for 
5 days and then exposed to natural night/day cycles. For short exposure times, both figures 
show equilibrium between the Fermi level and the redox couple of the electrolyte at about 
35 mV vs Ag/AgCl. Light exposure causes a shift of OCP by about 330 mV towards negative 
values. This can be explained by the light-induced creation of the electron-hole pairs and the 
subsequent creation of an additional photovoltage. The latter is due to the separation of both 
charges and to the low recombination rate within the material. In the dark, the OCP comes 
back immediately to its initial magnitude (35 mV vs Ag/AgCl). After few days in the borax 
solution, Figure 5(a) clearly shows a reduction of ZnO-OCP amplitude with respect to that of 
ZnMgO. Figure 5(b) presents the same behaviour, but with a delay of about 5 days since the 
samples was exposed later to the light, showing that the integrated time of illumination is the 
key parameter of the ZnO degradation. These results give thus evidence of both: i) the 
relevance of ZnO films degradation by light irradiation and ii) the greater stability of ZnMgO 
with respect to ZnO.  
To investigate the modification of the thin films after borax immersion, XPS 
measurements were carried out. An argon ion sputtering at 1.5 keV with a sputtering rate of 
about 0.5 nm/minute was used to investigate the chemical environment of thin film elements 
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throughout its thickness. Figure 6(a) illustrates the O(1s) spectra obtained for different 
sputtering times. The difference observed in the shape of the outer surface layer O(1s) 
spectrum measured at t=0 min with respect to the other ones is explained by strong carbon 
contamination of the surface. In the inner part of the film, two components at about 530.2 and 
532.4 eV contribute to the O(1s) spectrum. As discussed above, they are explained by Zn-O-
Zn bonds and OH species, respectively. A comparison of figures 6(a) and 3 shows that, after a 
stay in borax, the contribution of OH species is: i) definitely stronger than previously and ii) 
not limited to the surface region.  
 For both films, the OH peak presents a decreasing amplitude from the surface to the 
inner part of the film where the ZnO and ZnMgO oxides are localised. As shown in figure 
6(b), this decrease of the OH contribution is confirmed by an increase of the Zn and Mg 
contents in the inner part of the film with respect to the surface. The measurements of the 
secondary electrons spectra of ZnO presented in figure 6(c) show an increase of the work 
function of the surface with respect to the inner part of the film; this is indicative of the 
changes in the composition of the film observed in figure 6(a) and 6(b). The observed high 
value of the work function induced by the hydroxide formation in the first nanometer range 
reduces the charge transfer rate at the liquid/solid interface and then prevents the dissolution 
of the underlying substrate. Furthermore, in figure 6(a), as found already before immersion of 
the samples in borax, the inclusion of Mg in ZnO leads to an enhancement of hydroxide 
concentration. This observation could be correlated to the slight increase of the work function 
of ZnMgO with respect to ZnO as displayed in figure 6(c). 
Immersion of a sample in borax for a certain time permits the development of several 
reactions at its surface. Among them, the creation of Zn(OH)2 film on ZnO is suspected to 
represent the predominant reaction in the dark [4]. This is explained by the low solubility of 
Zn(OH)2 in a weak alkaline solution. This scenario is confirmed by our XPS results. The 
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results presented above deal with the relative stability of ZnMgO with respect to ZnO.  OCP 
measurements (Fig. 5) showed indeed that ZnMgO thin films were definitely more stable than 
ZnO in a weak alkaline solution. However, the exact role of Mg in the protection of ZnMgO 
against corrosion is a rather complex phenomenon and needs further clarification. The higher 
band gap of Mg-doped ZnO compared to ZnO (Fig. 1) suggests the implication of a lower 
number of photons in the creation of electron/hole pair with its consecutive reduction of 
photocorrosion in the doped Mg alloy. However, the amplitude of OCP being almost alike for 
the two kinds of materials, the numbers of holes created by irradiation are rather similar. It is 
likely that this parameter is not the main factor at the origin of the greater stability of the Mg-
doped ZnO. The second difference observed in figure 3 and 6(a) between both materials 
concerns the OH enrichment of the ZnMgO surface with respect to ZnO after immersion in 
the borax solution. To further discuss this point, we present in Table 1 the OH/O ratio 
measured from the decomposition of the O(1s) spectra for both ZnO and ZnMgO samples; 
and finally the increase of the OH content in the last column. As shown in this table, this 
increase is definitely higher than the increase of 16% due to magnesium doping. This is 
explained by the complex nature of the hydroxide layer which is not a simple mixture of 
Zn(OH)2 and Mg(OH)2 but which should contains hydroxides such as Zn1-xMgx(OH)2. The 
different nature of these hydroxides combined with their higher content are thus at the origin 
of the observed better stability of ZnMgO. The strong OH adsorption may result from the 
stabilization of the ZnMgO surface. A theoretical investigation of the chemistry of ZnMgO 
oxide surface with respect to ZnO would certainly give further information on this point. 
Finally, one should note that the observed enhancement of OH amount and the resulting 
greater stability of ZnMgO, are both in agreement with studies made on the corrosion 
resistance of ZnMg metallic alloys, where their  greater resistance to corrosion compared to 
Zn was explained by the formation of hydroxide [24,25].  
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4. Conclusion 
Solid solutions of Zn1-xMgxO with x lying within 0 and 16% were produced by spray 
pyrolysis. Increase of Mg content led to both the keeping of the würtzite structure for ZnO 
and the decrease of the lattice parameter. OCP measurements allowed us to investigate the 
stability of the samples in borax at pH = 8.4, and ZnMgO proved to be more stable than ZnO. 
This behaviour is attributable to the important contributions of OH species in the very first 
nanometers just below the surface and proves that ZnMgO is a better candidate for catalytic 
applications than ZnO.   
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Fig. 1. αhν² versus hν, optical band gap evolution with Mg doping for Zn(1-x)Mg(x)O (x = 0, 





















Fig. 2. XRD patterns of ZnO and Zn(1-x)Mg(x)O (002) main peak with Mg doping for x = 0, 


































Fig. 4. AFM pictures of ZnO (a) and Zn0.84Mg0.16O (b). 
 
 




































Fig. 5. Open circuit potential of ZnO (full line) and Zn0.84Mg0.16O (dot line) under daylight 
illumination in borax buffer solution (pH 8.4). (a) daylight exposure (b) 5 days in the dark 











































































































Fig. 6. (a) O(1s) and (b) Zn(2p) XPS spectra of ZnO (dashed line)  and Zn0.84Mg0.16O (full 
line) after exposure to daylight illumination in borax buffer solution (pH 8.4), the inset of (b) 
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represents the Mg(1s) spectra; (c) secondary electrons spectra measurements of ZnO (dashed 
line) and ZnMgO (full line). 
 
 
 
 
